Purpose: To evaluate the changes in multifocal electroretinogram (mfERG) and optical coherence tomography (OCT) after intravitreal bevacizumab injection in the treatment of age-related macular degeneration (AMD). Methods: Twenty-one eyes with choroidal neovascularization secondary to AMD were studied before and after intravitreal bevacizumab injection for best corrected visual acuity (BCVA), OCT, and mfERG. Results: The BCVA improved, while central macular thickness and total macular volume in OCT decreased after intravitreal bevacizumab injection (p = 0.03, 0.01, and 0.01, respectively). In mfERG, the amplitude of P1, and implicit time of P1 and N1 indicated a statistically significant improvement of retinal response after intravitreal bevacizumab injection. Conclusions: There is a potential role for mfERG in evaluating the effect on retinal function of intravitreal bevacizumab injection.
Age-related macular degeneration (AMD) is the leading cause of legal blindness in people over the age of 65 years, and severe decreased visual acuity is believed to be due to choroidal neovascularization (CNV) [1, 2] .
Vascular endothelial growth factor (VEGF) has been implicated as a major stimulus for CNV in AMD, and in the breakdown of the blood retina barrier, with increased vascular permeability resulting in retinal edema [3, 4] . As a consequence, VEGF inhibitors have been launched recently for the treatment of CNV in the clinical field [5] [6] [7] . Among them, bevacizumab (Avastin ® ; Genentech, San Francisco, CA, USA), a recombinant humanized monoclonal antibody to human VEGF, was approved by the U.S. Food and Drug Administration for the treatment of metastatic colorectal cancer on February, 2004 . Previous studies have revealed that intravitreal bevacizumab injection improved vision, but these studies concluded from subjective changes of visual acuity and anatomical changes after injection [8] [9] [10] [11] . Recently, several studies have assessed the electrophysiological effect of intravitreal bevacizumab [12] [13] [14] . The aim of this study is to evaluate the electroretinographic changes of the macula in eyes with CNV due to AMD by means of multifocal electroretinography (mfERG), which reflects retinal function objectively [15] , and optical coherence tomography (OCT), before and after intravitreal bevacizumab injection.
Materials and Methods
The present study was designed as a retrospective study of eyes with CNV secondary to AMD treated with intravitreal bevacizumab injection between March, 2008 and April, 2009. Medical records of patients who underwent intravitreal injections of bevacizumab for CNV due to AMD were reviewed. Patients who had ocular diseases such as high myopia or diffuse retinal degeneration that might influence the mfERG were excluded from the study.
Each patient received three intravitreal injections of bevacizumab (1.875 mg / 0.075 mL) at six week intervals (one at baseline, and then at six and 12 weeks later) under sterile conditions in an operating room. Postoperative antibiotics (ofloxacin; Tarivid, Santen, Japan) were applied four times per day for seven days.
Each patient underwent a baseline screening, including slit-lamp examination and best corrected visual acuity (BCVA; logarithm of the minimum angle of resolution [logMAR]) testing, Cirrus OCT (Carl Zeiss Meditec, Dublin, CA, USA), and mfERG. One month after completion of the three injections, the patients were examined. All tests were performed on the same day. Cirrus OCT was performed with the 512 × 128 scan pattern. Research software (Research Browser ver. V.2.0.0.62, Carl Zeiss Meditec) was used to extract central macular thickness (CMT), including a circular 1-mm radius area around the fovea; total macular volume (TMV) was calculated from an area of 6 × 6 mm with the midpoint centered on the fovea. These calculations were based on the retinal segmentation algorithm of the Cirrus OCT prototype device.
MfERG recordings were performed using VERIS ver. 4.2 (EDI, San Mateo, CA, USA). The patients' pupils were dilated using a mixture of 0.5% tropicamide and 0.5% phenylephrine hydrochloride (Mydrin-P; Santen Pharmaceuticals, Osaka, Japan), and the eye to be tested was anesthetized using proparacaine hydrochloride 0.5% (Alcaine; Alcon, Fort Worth, TX, USA). A Burian-Allen bipolar electrode was inserted under 99% contrast and high luminance of 200 cd/m 2 . The stimulus matrix consisted of 103 hexagonal elements displayed on a CRT color monitor driven at 75 Hz. The filter setting band pass was 5 to 100 Hz and the duration of the data acquisition was 4 minutes divided into eight sessions of 30 seconds. The amplitude of each local response was estimated as the dot product between the normalized response template and each local response (scalar product method). The mfERG stimulus locations and anatomic areas corresponded roughly as follows: ring 1 to the fovea, ring 2 to the parafovea, and ring 3 to the perifovea (Fig. 1 ). The amplitude of each group was scaled to reflect the angular size of the stimulus hexagon, which produces the response. These averages give a more accurate view of the relative response densities of each group. The recordings used the first-order kernel component of the mfERG, which is the largest mfERG response derived with a biphasic waveform characterized by an initial negative deflection (N1), followed by a positive peak (P1). This study included the amplitude and implicit time of N1 and P1 in rings 1, 2, and 3. To reduce errors by testers, only one tester performed all tests and determined the peak points of responses.
For the statistical analysis, the results from participants were analyzed by Wilcoxon's signed rank test in SPSS ver. 14.0 (SPSS Inc., Chicago, IL, USA). In addition, Spearman rank test and linear correlation analysis were used in order to evaluate the correlation with changes of mfERG components, the best visual acuity, and changes of OCT components. Differences and correlations were considered to be significant A Changes of N1 amplitude after injection B Changes of P1 amplitude after injection 
Results
Twenty eyes (14 patients) with CNV secondary to AMD were included. The mean patient age was 55.9 ± 13.9 years. Before injection, the mean best corrected visual acuity (BCVA) was 0.66 ± 0.29 (logMAR ± SD). The mean BCVA improved to 0.52 ± 0.32 (logMAR ± SD) after treatment (p = 0.03) (Fig. 2A) . The mean CMT measured by OCT at baseline was 319.43 ± 128.09 μm. At one month post injection, the mean CMT measurement had decreased to 268.29 ± 72.09 μm (Fig. 2B ). Statistically significant difference was found between the CMT at baseline and after treatment (p = 0.04). TMV was 11.65 ± 2.45 mm 3 before treatment and decreased to 10.52 ± 1.78 mm 3 after treatment. There was significant improvement in TMV after injection (p = 0.01) (Fig. 2C) .
In mfERG, the amplitude of N1 in rings 1 to 3 changed after treatment, but no statistically significant differences were found (ring 1, p = 0.18; ring 2, p = 0.27; ring 3, p = 0.55) (Fig. 3A) . The amplitude of P1 in rings 1 to 3 increased after injection with statistical significance (ring 1, p = 0.03; ring 2, p = 0.04; ring 3, p = 0.02) (Fig. 3B) . From ring 1 to 3, the implicit time of N1 and P1 decreased after injection compared with baseline, and statistical analysis revealed significant difference (P1: ring 1, p = 0.02; ring 2, p = 0.01; ring 3, p = 0.03; N1: ring 1, p = 0.01; ring 2, p = 0.02; ring 3, p = 0.01) (Fig. 4) . There appeared to be a linear relationship between changes of N1 implicit time in ring 1 and the BCVA however, other factors had no significant difference ( Table 1 ). The correlation between CMT and mfERG values was not significant ( Table 2 ). The TMV correlated with the implicit time of N1 and P1 in ring 1, P1 in ring 2, and N1 in ring 3, but without statistical significance. A reverse correlation was seen between TMV and amplitude in rings 1 and 2, but not at a significant level (Table 3) .
Discussion
Bevacizumab is a recombinant humanized monoclonal antibody to human VEGF that binds to VEGF and blocks it from binding to its receptors in tumor tissues. Intravitreal bevacizumab injection is increasingly used as an off-label therapy in ophthalmology, and shows benefits in the improvement of visual acuity and anatomical changes of many eye diseases [8] [9] [10] [11] [12] [13] [14] 16] .
As we hypothesized, visual acuity and anatomical changes were associated with functional changes of the retina, thus we used mfERG, which assesses retinal function, to confirm functional changes after injection. The use of mfERG enables topographic mapping of retinal function in the central 30° of the retina. Recent studies revealed that the human mfERG response is dominated by cells of the outer retina, such as the photoreceptors and the ON-and OFF-bipolar cells, than cells from the inner retina [17, 18] . Accordingly, mfERG response is useful in evaluating cone cells in proportion to bipolar cells, while the amplitude and implicit time show retinal functions principally [19] . Any damage to the receptor that destroys the cell or reduces its responsiveness will lead to a decrease in the mfERG response amplitude.
The result showed that intravitreal bevacizumab injection has clinical benefit in CNV secondary to AMD in terms of visual acuity, CMT, TMV, and mfERG response. These findings are similar to those of previous studies [8] [9] [10] [11] [12] [13] [14] 16] . Before injection, the amplitude of P1 and N1 decreased to less than normal values, representing impaired retinal function. The amplitude of P1 increased in rings 1, 2, and 3 after injection, and the changes of amplitude were significantly different. On the other hand, the amplitude of N1 showed no significant change after injection. The changes of the P1 amplitude were more significant than those of N1. The P1 amplitude is believed to be linked to the number and function of photoreceptor cells [19] [20] [21] [22] . Damage of the photoreceptor outer segment will reduce the P1 amplitude and result in delays of its implicit time [18] . In this study we assumed that bipolar and other outer retina cells have more of an effect on P1 waveforms than N1 waveforms [22, 23] . Unlike previous studies [12] [13] [14] , we evaluated not only the change of the amplitude, but the change of the implicit time after intravitreal bevacizumab injection. The implicit times of P1 and N1 were prolonged before and after injection compared with normal values. The delayed P1 implicit time was due to delay in bipolar cell response of the outer retina [19] . It is also possible that the delay in the N1 implicit time reflected damage to the inner retinal layers, as well as the outer retina [22] . In our study the implicit times of P1 and N1 in rings 1, 2, and 3 showed statistically significant improvement compared with amplitude. Implicit time has been shown to be more sensitive than amplitude in CNV as well as other conditions, such as diabetes [24] , retinitis pigmentosa [25, 26] , and macular dystrophy [27] . The implicit time is thought to be more susceptible than the amplitude to injury of photoreceptors and the outer plexiform layer [19, 22, 23, 28] . Although mfERG responses after injection improved compared with the baseline, the amplitude and implicit time were in the sub-normal range. Analysis showed that intravitreal bevacizumab injection contributed to improvement of retinal function, but did not result in complete recovery.
In a study on 18 eyes with AMD by Moschos et al. [13] , there was improvement of visual acuity, mfERG response, and OCT parameters after intravitreal bevacizumab injection, but there was no correlation between values. Maturi et al. [14] studied nine patients with AMD after injection and found patients to have significantly higher amplitude compared with baseline, but no correlation was found between amplitude and visual acuity or CMT. Also, these findings show that BCVA, CMT, TMV, the amplitude, and implicit time of mfERG had no obvious correlation, except for the implicit time of N1 in ring 1 and the BCVA.
From the results, we observed less correlation between mfERG responses and improvement of visual acuity and anatomical changes, as mfERG waveforms reflect not only the photoreceptor layer, but also bipolar and other cells in the inner retina. Also, the amplitude and implicit time can be influenced by injury or atrophy of the retina, particularly of the photoreceptor layer and retinal pigment epithelium. Such injuries may alter retinal function, which cannot be measured by changes of visual acuity and anatomy. Therefore, measuring only visual acuity or anatomical changes might miss information regarding retinal function that might be observed if the objective parameter was included. Evaluation with retinal function can offer more comprehensive information in order to make detailed assessments of effective treatment.
In conclusion, intravitreal bevacizumab injection improved patients' visual acuity and caused anatomical changes in CNV secondary to AMD. Furthermore, intravitreal injection of bevacizumab resulted in improvement of mfERG responses, especially the implicit time compared with amplitude. There is a potential role for mfERG in assessing the functional changes of the central retina after intravitreal bevacizumab injection.
To better evaluate objective changes of retinal functions using mfERG after intravitreal bevacizumab injection, further prospective randomized controlled clinical trials will be needed, with scheduled re-injections and longer follow-up intervals.
